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With the recent proposition of skyrmion utilization in racetrack memories at room temperature, skyrmionics
has become a very attractive field. However, for the stability of skyrmions, it is essential to incorporate the
Dzyaloshinskii-Moriya interaction (DMI) and the out-of-plane magnetic field into the system. In this work, we
explore a system without these interactions. First, we propose a controlled way for the creation of magnetic
skyrmions and skyrmioniums imprinted on a ferromagnetic nanotrack via a nanopatterned nanodisk with the
magnetic vortex state. Then we investigate the detachment of the imprinted spin textures from the underneath of
the nanodisk, as well as its transport by the spin-transfer torque imposed by spin-polarized current pulses applied
in the nanotrack. A prominent feature of the moving imprinted spin texture is that its topological number Q is
oscillating around the averaged value of Q = 0 as if it is a resonant state between the skyrmions with Q = ±1
and the bubble with Q = 0. We may call it a resonant magnetic soliton (RMS). A RMS moves along a straight
line since it is free from the skyrmion Hall effect. In our studied device, the same electrodes are employed to
realize the imprinted spin texture detachment and its transport. In addition, we have investigated the interaction
between the RMS and a magnetic tunnel junction sensor, where the passing of the RMS in the nanotrack can be
well detected. Our results would be useful for the development of novel spintronic devices based on moveable
spin textures.
PACS numbers: 75.70.Kw, 75.60.Ch, 75.78.-n, 12.39.Dc
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I. INTRODUCTION
The magnetic skyrmion [1, 2], a sort of soliton with pro-
tected structural stability assured by its topological configura-
tion, was recently observed in chiral magnetic materials [3–8]
with the Dzyaloshinskii-Moriya interaction (DMI) [9, 10] at
low temperatures. Moreover, experimental observations per-
formed at room temperature, in materials with both perpendic-
ular magnetic anisotropy (PMA) and DMI [11–13], together
with the topological protection and fast transport [14, 15],
have pointed out skyrmions as the most prominent magnetic
structures to be exploited for building magnetic storage de-
vices, such as the racetrack memories [16]. The magnetic
domain wall-based racetrack memory is an established tech-
nique [17–20]. The merit of the skyrmion compared with the
domain wall is that the skyrmion is not easy to be pinned
by defects or impurities [21]. The manipulation of a sin-
gle isolated skyrmion is a key for skyrmionics [22–26]. The
logic computing application and electric devices based on
skyrmions make skyrmionics future promising spintronic de-
vices [27–30].
Recent experimental works have demonstrated new meth-
ods for the generation of single isolated skyrmion [31],
skyrmions form on a nanotrack with PMA using protocol
of out-of-plane magnetic saturation and successive magnetic
field reversion. Another promising experimental method [32]
is the transformation of skyrmions from chiral domain walls
in a nanotrack with the geometrical constriction. However,
∗ E-mail: dearaujo@ufv.br
FIG. 1. (Color online.) Scheme of the proposed device where a Co
nanodisk with the diameter of 120 nm and the thickness of 20 nm is
patterned on a CoPt nanotrack with the length of 2 µm, the width of
200 nm, and the thickness of 8 nm. The MTJ is composed by a 4-nm-
thick CoPt nanodisk separated from the nanotrack by a 2-nm-thick
tunnel barrier. The driving current is applied via the gold contacts
on the nanotrack extremities, and the RMS passage is measured by
tunnel magnetoresistance.
in all these experimental works carried out so far, an out-of-
plane magnetic field is required to maintain the stability of
skyrmions.
In this work, using full micromagnetic simulations, we
propose to transport a new type of magnetic spin textures
through a nanotrack where both the DMI and the out-of-plane
magnetic field are absent. First, we create a skyrmion or
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FIG. 2. (Color online.) (a) A skyrmion is imprinted on the nanotrack, after applying a small out-of-plane field in order to saturate the
nanotrack magnetization. The corresponding topological number Q is indicated. A dotted circle shows the size of the nanodisk. We have
applied Bz = 0.15 T. (b) A skyrmionium is obtained after applying a high out-of-plane field until the total system saturation. We have applied
Bz = 0.5 T. (c) The spin texture detachment from the underneath of the Co nanodisk driven by the current with a big bubble formation. The
time evolution of Q is also given. (d) A small bubble formation from the skyrmionium driven by the current as well as the Oersted field. A
bubble converts to a domain wall pair when it touches the edges of the nanotrack. The time evolution of Q is also given. The magnetization
componentmz is represented by the color scale, where white denotes the in-plane spins, while red and blue represent the opposite out-of-plane
spin configurations.
a skyrmionium by the interaction between a magnetic nan-
otrack with PMA and a soft magnetic nanodisk with vortex
state attached to it, as shown in Fig. 1. This method of cre-
ating a skyrmion imprinted by a nanopatterned nanodisk on
a CoPt thin film has already been investigated by numerical
simulations [33] as well as experiments demonstrated at room
temperature [34, 35]. However, the possibility of detaching a
skyrmion or a similar imprinted spin texture from the under-
neath of the nanodisk and its subsequent stability and trans-
port properties are yet to be investigated. With the geome-
try proposed for a magnetic storage device, as illustrated in
Fig. 1, we explore the capability of the nanodisk with the
vortex state to imprint spin textures, such as the skyrmion,
skyrmionium [36, 37], bubble, and droplet [38, 39], on a nan-
otrack with different values of the PMA. Then, in order to
promote the detachment of the imprinted spin texture (IST)
from the underneath of the nanodisk and its evolution to a sta-
ble dynamic spin texture, traveling throughout the 2-µm-long
nanotrack, we develop a protocol of applying spin-polarized
current pulses. A prominent feature of the moving IST is
that its topological number Q is oscillating around the aver-
aged value of Q = 0 as if it is a resonant state between the
skyrmions with Q = ±1 and the bubble with Q = 0. This oc-
curs because of the absence of the DMI and the out-of-plane
magnetic field. Let us refer to such an IST as a resonant mag-
netic soliton (RMS). We also study the interaction between
the moving RMS and a magnetic tunnel junction (MTJ) sen-
sor, which will be utilized in the detection measurement of a
moving RMS.
II. METHODS
The numeric simulations of the space- and time-dependent
dynamics in ferromagnets, for energy minimization and tran-
sitions between spin configurations, are carried out based on
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FIG. 3. (Color online.) Time evolution of the magnetization compo-
nentmz for various magnitude of current. A magnetic bubble shrinks
and disappears for the current weaker than Js = 18.455 × 108 A
cm−2. On the other hand, a magnetic bubble expands and trans-
formed into a domain wall pair for the current stronger than Js.
the Landau-Lifshitz-Gilbert (LLG) equation augmented with
the spin-transfer torque, given by
∂M
∂t
= −γM×Heff+ α
MS
M×∂M
∂t
+
pa3
2eMS
(J(r)·O)M),
(1)
where γ is the gyromagnetic ratio, MS the saturation magneti-
zation, α is the Gilbert damping coefficient, p is the polariza-
tion ratio of the electric current, a is the lattice constant and
Heff is the effective field, which is composed by the magneto-
static field, the external magnetic field, the magnetocrystalline
anisotropy, the Heisenberg exchange interaction, and the dipo-
lar interaction. The third term on the right-hand side of Eq. (1)
is related to the adiabatic spin-transfer torque provided by the
spin-polarized current J(r) in the nanotrack. For the itera-
tions, we have utilized the GPU-accelerated micromagnetic
simulator MuMax3 [40].
The finite difference discretization used by MuMax3 to fol-
low Eq. (1) is performed in a space of a two-dimensional or
three-dimensional grid of orthorhombic cells. Here, we have
utilized a cubic cell of 4 nm × 4 nm × 4 nm for the itera-
tions. Magnetic parameters for Co and CoPt are adopted from
Ref. 33. The diameter and thickness for the Co nanodisk are
120 nm and 20 nm, respectively, with the saturation magneti-
zation MCoS = 1.4 × 106 A m−1 and the exchange constant
ACoex = 2.5 × 10−11 J m−1. The CoPt nanotrack dimensions
are 2000 nm × 200 nm × 8 nm, with the saturation magne-
tization MCoPtS = 1.4 × 106 A m−1, the exchange constant
ACoPtex = 1.5×10−11 J m−1 and the Gilbert damping α = 0.3.
The PMA of the CoPt nanotrack are tested for values varying
from Ku1 = 2× 105 J m−3 to 5× 105 J m−3.
III. RESULTS AND DISCUSSION
Topological number. A magnetic spin texture is character-
ized by the topological number Q =
∫
ρ(x, y)dxdy with the
topological number density
ρ(x, y) =
1
4pi
m · (∂m
∂x
× ∂m
∂y
), (2)
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FIG. 4. (Color online.) (a) Time evolution of mz and J during the
creation and transport of the RMS. (b) Top-views of the magnetiza-
tion in the nanotrack at selected times showing the creation of the
RMS (I), the transport of the imprinted RMS (II), and the nanotrack
where the RMS is expelled (III). (c) Topological number Q of the
nanotrack as a function of time. We have usedKu1 = 5×105 J m−3
where m is the normalized magnetization. The topological
number Q of a ground-state skyrmion is strictly equal to ±1
in the continuous theory. However, due to the lattice struc-
ture of the system, we have Q ≈ ±1 for a skyrmion in the
micromagnetic system.
Imprinted spin texture (IST). An IST is created in the nan-
otrack by the interaction between the soft magnetic nanodisk
and the nanotrack (see Fig. 1). Hysteresis loops for the system
with the nanotrack and nanodisk, obtained by applying steps
of out-of-plane magnetic field until magnetization achieve the
relaxed state, are shown in Supplementary Figure 1. The mag-
netization evolves in the z-axis by the interaction between the
stable magnetic vortex core and the perpendicular nanotrack
magnetization. For anisotropies below Ku1 = 4× 105 J m−3,
4the coercivity increases due to the pinning caused by the vor-
tex core polarization opposite to the nanotrack background
magnetization. For higher anisotropy values, the coercivity
decreases due to the pinning loss, when the vortex core is
aligned with the strong nanotrack perpendicular magnetiza-
tion.
It should be noted that, just after device fabrication and be-
fore imprinting a spin texture, it is necessary to apply perpen-
dicular magnetic field to the sample in order to annihilate the
as-grown magnetic domains in the track and saturate it. This
is necessary once and for all. It is an intriguing finding that the
type of an IST formed depends on the field strength utilized
(see Supplementary Figure 2).
In Fig. 2(a), we show the remanent magnetization recorded
under the nanodisk, after applying small magnetic field (Bz =
0.15T) to saturate the magnetization just in the nanotrack.
Here, we find that the IST is a skyrmion by calculating the
topological number of Q ≈ −1. The skyrmion diameter de-
creases with increasing PMA strength.
On the other hand, in Fig. 2(b), we show the remanent state
of the system after applying large magnetic field (Bz = 0.5T)
for the total out-of-plane magnetization saturation; in this
case, a chiral configuration could be formed, in which the
magnetic vortex core is not opposite anymore to the nan-
otrack background magnetization. This skyrmion-like struc-
ture with the topological number of Q = 0 is identified as
the skyrmionium [36, 37], which is composed by a combi-
nation of skyrmions with opposite topological numbers, i.e.,
Q = +1 and Q = −1. The radius of the skyrmionium does
not depends on the PMA strength.
Detaching process. We apply an uniform and constant spin-
polarized current (J = 10 × 108 A cm−2 with p = 0.5) in
the nanotrack (Ku1 = 3× 105 J m−3) to detach the skyrmion
from the underneath of the nanodisk and drive it into motion
by way of the spin-transfer torque in the adiabatic approxima-
tion [21, 41, 42], as shown in Fig. 2(c) (see also Supplemen-
tary Movie 1). The mechanism is the same as in the case of
the skyrmion transport [43–45]. Higher values of Ku1 could
be used to decrease the diameter of the moving IST. If the
same amount of J is applied for a certain time period, the
moving IST rapidly evolves to a domain-wall pair, as shown
in Figs. 2(c). The topological number of the domain-wall pair
becomes large since the spin rotates many times in the region
where mz = 0.
On the other hand, in the nanotrack with Ku1 = 5 × 105
J m−3 where a skyrmionium imprinted from the nanodisk is
present [Fig. 2(b)], a combination of spin-transfer torque and
Oersted field from J = 53 × 108 A cm−2 is enough to re-
duce a skyrmion inside the imprinted skyrmionium and expel
it aligned with the Oersted field as a magnetic droplet. The
droplet rapidly evolves to a small moving magnetic bubble.
However, if the same amount of J continues to be applied,
it evolves subsequently to a domain wall pair [see Fig. 2(d)].
It is necessary to decrease the current J to prevent it from
developing into a domain wall pair. If J is weaker than
Js = 18.455 × 108 A cm−2, it shrinks to a droplet and dis-
appears. The reason is that the IST cannot be stabilized in the
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FIG. 5. (Color online.) Sequential creation and transport of a pair
of imprinted RMSs. (a) Time evolution of mz and J during the cre-
ation and transport processes. (b) Top-views of the magnetization
in the nanotrack at selected times. (c) Topological number Q of the
nanotrack as a function of time. We have usedKu1 = 5×105 J m−3.
absence of the spin-polarized current and the minimum energy
takes when the radius is equal to zero. The magnetization mz
becomes constant after the disappearance of the IST. Indeed, a
magnetic bubble expands and transformed into a domain wall
pair when it touches the edges for the current stronger than
Js. Figure 3 shows the time evolution of the magnetization
mz for various magnitude of the current J , where we find that
the IST travels straightly when J = Js ≡ 18.5×108 A cm−2.
The results show that the spin-polarized current has a force to
expand the IST.
Transport process. To transport a small and stable IST, we
utilize fast pulses of Jc = 53× 108 A cm−2 during 0.17 ns to
create and expel the IST from the underneath of the nanodisk
(see Supplementary Movie 1). After decreasing the current
density to Js = 18.5 × 108 A cm−2, the IST reaches a stable
size of 60 × 80 nm and a steady velocity of 888 m s−1 during
the entire way through the 2-µm-long nanotrack (see Supple-
mentary Movie 2). Small IST deformation occurs due to the
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FIG. 6. (Color online.) (a) Three-dimensional views of the nanotrack and MTJ electrode magnetization during the detection of the moving
RMS. We show the cases where the RMS is before, just below, and after the MTJ. (b) Time evolution of mz for the nanotrack and MTJ.
The black curve indicates the magnetization of the nanotrack, while the red curve indicates that of the MTJ. (c) Scalar product between the
nanotrack and MTJ spins, showing the tunnel magnetoresistance expected during the measurement. Insets present snapshots of scalar products
in different spin texture positions in relation to the MTJ sensor corresponding to the three snapshots.
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FIG. 7. (Color online.) (a) Topological number evolution during the
transport of a RMS. (b) shows the highlighted peaks of (a) with the
minimum and maximum values of Q. The spin configuration for
each peak are given in Fig. 8.
strong interaction with the nanodisk magnetization during its
creation, similarly to magnetic droplets formation [38, 39],
and continues throughout the motion, once there is no exter-
nal magnetic field applied along the same direction of the IST
core to stabilize it, as in the case of the skyrmion investiga-
tions performed so far [46–48].
The evolution of the system magnetization along the z-
direction (mz) during the creation and the transport of an IST
is given in Fig. 4. Nearly the stable value of mz during the
transport indicates the size stability, which can also be ob-
served in the snapshots as given in Fig. 4(b). Figure 4(c)
shows the topological numberQ of the nanotrack as a function
of time during the creation and motion of the IST. It shows that
the topological number Q is oscillating, indicating the IST is
evolving rapidly between a skyrmion and a bubble. Hence
we call the IST the resonant magnetic soliton (RMS) here-
after. Since its average value of the topological number equals
zero (Q = 0), there exists no skyrmion Hall effect, and the
RMS moves along a straight line. This is a great advantage
for building racetrack-type spintronic devices.
We can create a single dynamical IST with spin-polarized
current pulses as described above, and analyze the transport
of such spin configuration with stable size under an applied
current density of Js = 18.5× 108 A cm−2. It is important to
state that below this current density, the RMS transport slows
down until it disappears as shown in Fig.2(e) (see also Sup-
plementary Movie 3).
Successive creations of RMSs. For a practical utilization
of the proposed method in skyrmion-based racetrack memory
devices, the density of RMS formation and their susceptibil-
ity to dipolar interaction between each other should be tested.
For this matter, we apply a new series of current pulses, as
presented in Fig. 5(a). First, we create a RMS by applying the
current Jc during 0.17 ns. Just after the creation of the first
RMS, the applied current is switched off for 0.22 ns. This
procedure is performed in order to quickly diminish the size of
the first RMS, and assure that the successive application of the
current Jc for the formation of a second RMS will restore the
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FIG. 8. (Color online.) Spin configuration and topological number density for the (a) minimum value of Q, as shown in Fig. 7(b) and
(b) maximum value of Q, as shown in Fig. 7(c). The roman numerals corresponds to its respective point in the graph, the time and the
spin-component distribution mz(x) of each state is indexed by (t, Q).
size of the first RMS to its original size. By applying this pro-
tocol, we find a possible way to create a stable pair with simi-
lar size and a small distance between each other (∼ 300 nm).
Such a process can be observed along the evolution of mz in
Fig. 5(a). The motion of the pair was investigated throughout
the nanotrack and some snapshots are presented in Fig. 5(b)
(see Supplementary Movie 4). The corresponding topological
number Q of the nanotrack is given in Fig 5(c).
Reading process. We make use of the MTJ sensor to detect
the passing of a RMS through the nanotrack. We have per-
formed numerical calculations for the RMS measurement by
a MTJ patterned in the other side of the nanotrack. It is im-
portant to investigate the interaction between the RMS and the
7ferromagnetic electrode, which could pin, deform or destroy
these magnetic objects, and estimate tunnel magnetoresistive
values expected. We have inserted a CoPt nanodisk with a di-
ameter of 120 nm and thickness of 4 nm, and the same Ku1
as in the nanotrack, 2 nm apart to simulate the average thick-
ness of thin oxides used as tunnel barriers in MTJs. As shown
in Fig. 6(a), we realize that the effect of the RMS interaction
with CoPt MTJ electrode is not strong enough to destroy the
RMS. As shown in Fig. 6(b), we notice a small reduction in
the size of the RMS, represented by the positive slight increase
in the mz of the nanotrack. When the RMS is passing below
the MTJ electrode, a very small decrease is found in the MTJ
electrode mz .
The tunnel magnetoresistance could be estimated as 〈∑Si ·
Sj〉−1. We calculated scalar products of spins from each
cell of both tunnel junction sides, and the results are given
in Fig. 6(c). Using the same diameter for the MTJ and nan-
odisk used in the RMS creation (120 nm), the highest tunnel
magnetoresistance observed is about 60%. The insets show
the snapshots of scalar products
∑
Si · Sj at selected times,
where the red area shows the position of the moving RMS.
Resonant magnetic soliton (RMS). Finally, we explore a de-
tailed mechanism of the fluctuation of the topological number
of a RMS. For this purpose, we study the topological number
Q as well as the topological number density ρ(x). We show
a detailed time-evolution of the topological number in Fig. 7.
The topological number fluctuates around Q = 0 and takes
extrema around Q = ±0.75. In this process, the topological
number |Q| suddenly increases (II, III′) and reaches a maxi-
mum value (IV, V′). Then it decreases slowly (V, VI′) and re-
turns to be zero (VII, VII′). We present snapshots of the topo-
logical number density and the corresponding spin configura-
tion in Fig. 8. Especially, the in-plane spin configuration con-
tains a defect-like point at the snapshot time when the topolog-
ical number takes a maximum value, where the contribution to
the topological number is not strictly Q = ±1. Namely, when
a defect-like point is almost formed but not completely, the
soliton acquires the topological number |Q| < 1. We can see
that the sudden change of the topological number is induced
by the creation and the annihilation of a defect-like point.
The shape of the RMS is elongated perpendicular to the
applied current direction and forms an ellipse. The topological
number density for the RMS with Q = 0 is positive for the
upper half (indicated by red in Fig. 8), while it is negative for
the lower half (indicated by blue in Fig. 8). A defect-like point
emerges almost at the top or the bottom of the RMS.
This RMS is different from a traditional magnetic bubble
due to the following reasons. First, the size of a RMS is much
smaller than that of a traditional magnetic bubble, which is
stabilized by the magnetic dipole-dipole interaction and its
size is of the order of µm. The magnetic dipole-dipole in-
teraction does not play a role for the stabilization of a RMS
since its size is of the order of 100 nm. Second, a RMS is
stabilized only in the presence of the applied current, while
a traditional magnetic bubble is stable in the absence of the
applied current. Finally, the topological number of a RMS os-
cillates as a function of time in a RMS, of which the average
value is equal to zero. This is in stark contrast to a moving
traditional magnetic bubble, of which the topological number
may vary but cannot have an average value of zero (see also
Supplementary Movie 5).
IV. CONCLUSION
We have proposed to create and control a single or suc-
cessive moving RMSs in a nanotrack without the DMI and
without the requirement of an external applied field to ensure
the stability. A RMS has the averaged topological number of
zero, i.e., 〈Q〉 = 0, and thus is free from the skyrmion Hall
effect. It moves straightly along the nanotrack.
As the geometries and materials parameters utilized in this
work are similar to the skyrmion imprinting proposed and ex-
perimentally demonstrated in Refs. 33–35, this method for the
creation of the RMS is expected to work at room temperature.
Meanwhile, the advantage of such a method is the increase in
the integration density, once there is no need of a third elec-
trode to apply perpendicular current for the spin texture cre-
ation as in the most skyrmionic devices proposed so far. The
proposed method and device are promising for applications in
future racetrack memories with controlled RMS density for
creation and high tunnel magnetoresistance signal for detec-
tion.
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